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A drift-magnetohydrodynamic theory is applied to a background anisotropic pressure equilibrium state to gen-
erate a drift corrected ballooning mode equation. The ratio of the mode frequency to the hot particle drift
frequency constitutes the critical expansion parameter. The fast particles thus contribute weakly to the insta-
bility driving mechanism and also to the diamagnetic drift stabilisation. This equation is used to model the
inward-shifted Large Helical Device (LHD) configuration. In the single-fluid limit, a weakly ballooning un-
stable band that encompasses a third of the plasma volume develops in the core of the plasma at low 〈βdia〉
that becomes displaced towards the edge of the plasma at the experimentally achieved 〈βdia〉 ≃ 5%. Finite
diamagnetic drifts (mainly due to the thermal ions) effectively stabilise these ballooning structures at all values
of 〈βdia〉. The validity of the large hot particle drift approximation is verified for hot to thermal ion density
ratios that remain smaller than 2%.
Copyright line will be provided by the publisher
1 Introduction
Ideal magnetohydrodynamic (MHD) theory yields inconclusive predictions with regards to the stability of the
Large Helical Device (LHD) [1–3]. Experimental discharges have achieved 〈βdia〉 ≃ 5%, where 〈βdia〉 corre-
sponds to the volume average of the diamagnetic component of β [4,5]. These conditions are generated with high
power tangential neutral beam injection (beam particle energy ≃ 180kev, beam power ≃ 14MW ) at relatively
low densities (< 3 × 10−19m−3) [4]. At these low densities, the beam driven pressure anisotropy can be quite
significant [6].
Ideal ballooning modes in three-dimensional (3D) systems can impose severe restrictions on the total pressure
that can be confined [7, 8], in particular on those field line that traverse the most destabilising curvature region.
The combination of finite thermal diamagnetic drifts and plasma compression is speculated to be adequate to
guarantee stability at high 〈βdia〉 in the LHD device, but would be insufficient at lower 〈βdia〉 [3].
We consider the application of a drift-corrected ballooning mode equation valid for anisotropic pressure back-
ground equilibria in which the anisotropy is driven by the energetic beam particles [9]. The 3D anisotropic
pressure equilibria required to model the inward-shifted LHD configuration are computed with the ANIMEC
code [10] The fast particle distribution function is approximated with a special bi-Maxwellian that satisfies the
lowest order solution of the Fokker-Planck equation [11].
∗ Corresponding author E-mail: wilfred.cooper@epfl.ch, Phone: +41 216 933 452, Fax: +41 216 935 176
Copyright line will be provided by the publisher
Page 1 of 6
WILEY-VCH
Contributions to Plasma Physics
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
2 W. A. Cooper, L. Brocher, J. P. Graves, G. A. Cooper, Y. Narushima, and K. Y. Watanabe: Drift-ballooning in LHD
2 The drift-stabilised ballooning mode equation
A drift-corrected ballooning mode equation [9] is obtained from the linearised gyrokinetic equation in ballooning
space [12] which has been expanded in the limit that the mode frequency ω is much smaller than the hot particle
curvature +∇B drifts (ωdh). In variational form, it can be written as
∫ ∞
−∞
dθ
{
σk2⊥√
gB2
∣∣∣√gB · ∇χ∣∣∣2 − kα√gp′(s)
ψ′(s)B2
·
[(
1 +
σ
τ
)
B × k⊥ · κ− kα
ψ′(s)
∂p⊥h
∂s
∣∣∣∣∣
B
]
|χ|2
}
=
∫ ∞
−∞
dθMiNi
√
gk2⊥
B2
ω
[
ω −
(
ω∗pi +
MhNhω∗h
MiNibh
)]
|χ|2 (1)
where the first term on the left handside corresponds to the field line bending stabilisation, the second term con-
stitutes the instability drive due to the interaction of the pressure gradients mainly due to the thermal component p
and the magnetic field line curvature. The right hand side corresponds to the plasma inertia. In the limit ω∗pi → 0
and ω∗h → 0, the mode frequency ω → γF , where γF constitutes the fluid growth rate. The Jacobian is denoted
by√g, θ is the poloidal angle, the wave vector is k⊥, κ is the magnetic field line curvature, s is the radial variable
proportional to the enclosed toroidal magnetic flux, B is the magnetic field, Mj and Nj denote the particle mass
and density of ionic species j, respectively, ω∗pi is the total ion diamagnetic drift frequency,ω∗h is the hot particle
diamagnetic drift frequency, bh = k2⊥ρ2h, and ρh is the hot particle Larmor radius. The ballooning eigenfunction
is given by χ. The ballooning equation Eqn. 1 is solved perturbatively in two steps. We first compute the single
fluid ballooning eigenvalue λ = −γ2F with the BECOOL code [13]. Using the χ obtained as a test function, we
derive the quadratic dispersion relation
ω2 − ω(ω∗pi + ω∗heff ) + γ2F = 0 (2)
where ω∗heff is the effective hot particle diamagnetic drift frequency:
ω∗heff =
〈
MhNhω∗h
MiNibh
〉
=
∫∞
−∞ dθ
√
g
ψ′(s)
(
k2
⊥
B2
)(
MhNhω∗h
MiNibh
)
|χ|2
∫∞
−∞ dθ
√
g
ψ′(s)
(
k2
⊥
B2
)
|χ|2
(3)
Frequencies and growth rates are normalised to the toroidal Alfve´n frequency ωA = vA/R0 where vA =
B0/
√
µ0MiNio, R0 is the major radius and the subscript 0 denotes an evaluation at the magnetic axis.
3 Computational modelling
For simplicity, we restrict the studies to a single field line that traverses the outside edge of the horizontally up-
down symmetric cross section in the LHD device as this point aligns with the position where the magnetic field
line curvature on each magnetic flux surface is most destabilising [1].
In the single fluid limit (ω∗pi = ω∗heff = 0), ballooning modes are unstable at all values of 〈βdia〉 [14]. The
ballooning unstable band exists in the central core of the plasma 0 < s < 0.36 and moves radially outward with
increasing 〈βdia〉. At 〈βdia〉 = 2.5%, the unstable domain lies at 0.5 < s < 0.8 while at 〈βdia〉 = 4.8%, it
radicates at 0.6 < s < 0.9.
The solution of the dispersion relation Eqn. 2 reveals that the ballooning modes become stable for all values of
〈βdia〉 in the range 0 < 〈βdia〉 < 4.8% that we have investigated because we obtain that |ω∗pi + ω∗heff |/2 >>
γF . Therefore, the mode frequency is real. Under conditions that |ω∗pi + ω∗heff |/2 < γF the frequency is
complex, with its imaginary component corresponding to the growth rate.
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We have therefore established the stability properties of the drift-magnetohydrodynamic model we have con-
sidered to the inward-shifted LHD configuration. We must now address the limits of validity of this model. For
this purpose, it is appropriate to define a mode-width averaged hot particle drift frequency. The rationale behind
this is that ballooning mode structures can become very localised along a magnetic field line and therefore the
extent of the contribution of the energetic particle diamagnetic drifts to the stabilisation of the modes should be
restricted to the domain where the instability structure has finite amplitude [14]. Consequently, we define the
average
〈ωdh〉 =
∫∞
−∞ dθ(
√
g/ψ′)ωdh|χ|2∫∞
−∞ dθ(
√
g/ψ′)|χ|2 . (4)
We plot the profiles of ω/ 〈ωdh〉 for the wave number kα = 10 at 〈βdia〉 = 1% in Fig. 1 and at 〈βdia〉 = 4.5%
in Fig. 2 for ratios of energetic particle to thermal ion density between 1% and 5%. The on axis fast particle
density is denoted by Nh0 while that of the thermal ions is Ni0. It should be noted that for 〈βdia〉 = 1% the
profiles are shown for s < 0.55 while those at 〈βdia〉 are in the range 0.57 < s < 0.89. These correspond to the
domains for which γF is unstable. Outside the γF unstable bands, the eigenfunctions χ emerge from the Alfve´n
continuum (as γF ≥ 0) and can have a significantly different structure than the ballooning modes with γF < 0.
The computation of 〈ωdh〉 in the stable band can then become misleading. We see that for 〈βdia〉 = 1%, the ratio
ω/ 〈ωdh〉 remains well below unity even for Nh0/Ni0 = 5%, however, at 〈βdia〉 = 4.5% the validity of the small
ω/ 〈ωdh〉 breaks down forNh0/Ni0 > 2.5%. Further confirmation is provided in Fig. 3 where the ratio ω/ 〈ωdh〉
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Fig. 1 The ω/ 〈ωdh〉 profiles at 〈βdia〉 = 1% and kα for on-axis hot to thermal ion density ratios of Nh0/Ni0 = 1%, 2.5%
and 5%.
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is displayed as a function of Nh0/Ni0 when kα = 10 for 〈βdia〉 = 4.5% and for 〈βdia〉 = 1% at radial positions
s = 0.6 and s = 0.1, respectively.
The dependence of ω/ 〈ωdh〉 on kα near the edge of the plasma (at s = 0.87) is shown for 〈βdia〉 = 4.5%
considering three ratios of Nh0/Ni0 in Fig. 4.
4 Summary and conclusions
We have applied a drift-corrected ballooning mode equation that can describe the impact of strongly drifting
energetic particles, that drive a pressure anisotropy, to the LHD inward-shifted configuration where 〈βdia〉 ≃ 5%
conditions have been attained.
The ballooning modes that we compute are unstable in the absence of diamagnetic drift corrections to the plasma
inertia. These drifts, mainly due to the thermal ions, effectively stabilise the single fluid eigenstructures because
the condition |ω∗pi+ω∗heff | >> 2γF is satisfied for all values of 〈βdia〉. The mode-width averaged fast particle
diamagnetic drifts can become dominant for low wave number kα where the applicability of the ballooning
approximation is questionable. At low 〈βdia〉 ∼ 1%, the hot particle to thermal ion density ratio can exceed 5%
and still remain within the bounds of validity of the small ω/ωdh expansion. This ratio decreases to ∼ 2% at
higher 〈βdia〉 ∼ 5%.
The drift magnetohydrodynamic theory that we have applied to the LHD configuration examined may be a more
appropriate model to describe the experimental observations.
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Fig. 2 The ω/ 〈ωdh〉 profiles at 〈βdia〉 = 4.5% and kα for on-axis hot to thermal ion density ratios of Nh0/Ni0 = 1%,
2.5% and 5%.
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Fig. 3 ω/ 〈ωdh〉 as a function of Nh0/Ni0 with kα = 10 for 〈βdia〉 = 4.5% at s = 0.6 and 〈βdia〉 = 1% at s = 0.1.
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